Pressure testing in very-low-mobility reservoirs is challenging with conventional formation-testing methods. The main difficulty is the over-extended buildup times required to overcome wellbore and formation storage effects. Possible wellbore overbalance or supercharge are additional complicating factors in determining reservoir pressure. This paper addresses the above technical complications and estimates petrophysical properties of low-mobility formations using a newly developed adaptive testing approach.
Introduction
Formation pressure is a fundamental key to assess the hydrocarbon yield of a reservoir. Without an estimate of the formation pressure, there is a great deal of uncertainty in a field's development and the investment required. Virtually all the methods used to calculate the net amount of recoverable hydrocarbon are highly dependent on the initial formation pressure (Snyder 1971; Sullivan et al. 1988; Mason 1987; Bennett et al. 1975) . Field development optimization also depends on formation pressure estimates to verify reservoir depletion and delineate the producing intervals' connectivity.
There have been attempts to find the fundamental properties of tight sand, shale gas, and heavy oil reservoirs (Dastidar et al. 2007; Abu Omokaro et al. 2011; Shabro et al. 2011; Kundert et al. 2009; Galford et al. 2000) . However, rarely reported in literature is a study on the pressure transient analysis methods applied to packer and probe-type formation testing for these types of reservoirs yielding the true formation pressure. When a typical drawdown and buildup test is applied, the pressure transient takes too much buildup time to resolve using conventional analysis or a history match to be of practical value in these very-low-mobility reservoirs. With the introduction of the unconventional automated pulse-test method for lowmobility formations (Hadibeik et al. 2012) , it is possible to obtain a pressure response that can be used to determine the initial reservoir pressure and permeability in a practical time frame, usually less than 1 hour. The pressure transient analysis can follow the same concept as a normal well-test analysis (Rees et al. 2011; Proett et al. 1994; Nakano et al. 2009 ).
In addition, the test results can be further analyzed with optimization method and inverse algorithm to yield more information about the reservoir properties (Torres-Verdín et al. 2004; Angeles et al. 2007; Angeles et al. 2010; Alpak et al. 2002; Elshahawi et al. 2008) . However, these methods are usually time-consuming and cannot be used when the number of unknowns becomes large. To reduce the computation time in inverse processing, several methods can be used to speed up the CPU time calculations such as the streamline method (Hadibeik et al. 2011 ). To optimize a large vector of parameters, a genetic algorithm is used to match the pulse-test feature and obtain the reservoir and in-situ fluid properties. Finally, the automated pulse-test technique incorporated with the optimization method can resolve the reservoir properties in tight formations.
Problem Statement
There are two main difficulties in low-mobility testing. First, the pressure response is so slow in these reservoirs, which takes several hours or days for a pressure buildup to become sufficiently stabilized to detect infinitely acting radial flow and verify formation pressure. In many cases, the pressure drawdown is difficult to control and results in a phase change causing multiphase flow in the tool flow lines, making it harder or even impossible to reach the stabilized pressure. Second, the mudfiltrate invasion in the near well bore region creates the supercharged effect, which causes the stabilized pressure to be different from the true initial reservoir pressure (Figure 1) . Hadibeik et al. 2009 studied in depth the effect of dynamic mudfiltrate invasion in different filtrate invasion scenarios. The supercharging problem usually is not a concern in the reservoirs with higher Mobilities (i.e., > 10 md/cp) where the recorded pressure is actually a good estimate of the true reservoir pressure (Figure 2) . Depending on the drilling situation (overbalanced or underbalanced drilling); this measured pressure is higher or lower than the initial reservoir pressure in tight formations. In the previous study, the first two problems (slow buildup & phase change) were addressed by introducing the automated pulse-test technique using a pressure feedback method to monitor the pressure response and adaptively alter the flowrate of the test (Hadibeik et al. 2012) . In this paper, the third problem is solved by incorporating the supercharge model (Proett et al. 1996 and to correct the measured pressure based on the available bottom-hole data.
Figure 1: Mudcake usually does not form in very low-mobility (tight formation) reservoirs, since the formation permeability is on the same order of magnitude or lower than the mudcake permeability. Therefore, the supercharged effect is high and the measured sandface pressure by tool is much larger than the reservoir pressure in the case of overbalanced drilling situation.
Figure 2: Mud-filtrate invasion is complete and mudcake forms fully in a permeable zone; therefore, most of the pressure drop is across the mudcake, and the sandface pressure is very close to the far-field reservoir pressure, which is assumed to be the initial reservoir pressure.
Automated Pulse-Test Method
This method uses a smart feedback loop in the pressure-testing design to monitor the reservoir pressure response and determine if an injection or a drawdown (i.e., production) pulse will be performed. After an initial drawdown or injection is performed, there is a no flow period where the pressure transient is monitored and the feedback algorithm determines if the next flow period will be an injection or drawdown in addition to the flow rate to be used. Typically, the flow and no-flow periods are of equal time durations, but this is not a requirement. The subsequent series of injection and production tests continue until a stabilized pressure is determined. The method starts from a pulse, a drawdown or an injection test, depending on the drilling situation (overbalanced or underbalanced drilling). In many cases, the well bore balance is unknown, but the method will still work even if the initial pulse is not in the ideal direction. In the simplest case, during the shut-in (i.e., no flow period) a pressure gauge measures the pressure at the beginning and at the end of the shut-in test. If the pressure decreases (the second pressure becomes less than the first one), this indicates that the pressure is declining toward the reservoir pressure, and the next move should be a drawdown test. Otherwise, if the pressure is increasing in the shut-in section, the reservoir pressure is higher than the current pressure, and there is a need for an injection test to move the pressure closer to the reservoir pressure. The average slope during the shut-in periods can also be used and is less susceptible to noise but the simple two-point method is used for illustration. The iterations continue until the maximum number of iterations has been performed. Figure 3 illustrates the algorithm of this automated pulse-testpulse-test technique. Figure 4 depicts the pressure response of an automated pulse-testpulse-test method obtained from the straddle packer. Table 1 presents the reservoir properties and Table 2 through 4 shows the tester properties. The numerical model used in this study is UTFECS, a previously validated compositional multi-phase near wellbore finite-difference fluid flow simulator (Pour 2011 , Angeles 2008 . As an alternative, automated pulse-testing could also be implemented with a fixed pattern of pulse sequences. Pre-job designs can be simulated over the dynamic range of uncertainty concerning reservoir parameters of interest, and in-situ optimization of pulse parameters can be performed through a feedback sequential classification routine using a look-up table built from the pre-job designs.
Formation properties Values
Permeability The initial reservoir pressure is 20,000 psi, and the overbalance pressure is 1,000 psi; it was assumed that during this test, the invasion no longer continues. A complete pulse-testpulse-test with a single drawdown was performed before automation in this overbalanced drilling situation. Each section of the test (injection or pumpout) is followed by a shut-in period. The pulse durations and injection or pumpout rates should be chosen properly. In this plot, the flow rate of each new action (injection or pumpout) is half of its previous action. The pulse duration of injection or drawdown test is set to constant of 30 seconds, followed by a 60-second shut-in period. With any prior reservoir information, it is possible to choose the best flow-rate and pulse duration with optimization technique to start with, and help the pressure feedback loop to achieve the stabilized pressure faster.
Supercharge Effect
The term "supercharge" is defined when the near wellbore pressure is different from the initial formation pressure which is caused by an overbalanced pressure (the mud-filtrate invades the reservoir) or underbalanced drilling condition (the reservoir bleeds into the wellbore). This effect makes the formation pressure near the borehole wall much higher or lower than the farfield pressure in tight formations. The supercharging effect can be measured by adding an observation pressure gauge after setting the packer-or probe-type formation tester. In the model, mud-filtrate invasion continues during the test. It is interesting to note that after setting the packer-or probe-type formation tester, the pressure at the packer or probe location declines even without performing a test (Figure 5 ). Figure 6 shows the automated pulse-testpulse-test with two hypothetical observation probes. As expected, the stabilized pressure with the supercharge effect is different from the formation pressure, however, it is still beneficial to use the automated pulse-test method to reach the stabilized pressure (Figure 7 , 8, and 9), since the stabilized pressure is used to find the true initial formation pressure. 
Pulse-testPulse-test Data Analysis
When a stabilized pressure is determined with the automated pulse-testpulse-test, the data can be further analyzed to obtain reservoir properties such as mobility, and a correction made to the stabilized pressure to account for the supercharge effect to obtain the true formation pressure. In this section, two methods are proposed for this analysis. The first method is a fast analysis to obtain the reservoir permeability and reservoir pressure after correcting the supercharge effect with a spherical flow model. The second method is a robust inversion algorithm to estimate reservoir parameters and other unknown properties. Furthermore, this detailed optimization method is used to validate the findings from the first method and yields additional information.
Derivative Analysis and Supercharge Model
The essential information can be obtained from the automated pulse-test data by using a combined method of supercharge modeling and a conventional pressure-transient analysis. Despite the fact that the pulse-test method reaches pressure stability much faster than a conventional reservoir test, the presence of mud-filtrate invasion results in a supercharged final pressure in the tight formations. The consequence is that the stabilized pressure can be very different from the reservoir pressure. In this case, there is a need for a model to account for the supercharging effect. The model should also handle both overbalanced and underbalanced situations. For the overbalanced case the sandface pressure will stabilize at a higher pressure than the initial formation pressure. The opposite is true for the underbalanced case where the stabilized test pressure is lower than the actual initial formation pressure. The model developed in this study has been tested successfully for these cases. Below is a brief summary of these developments: 
Overbalanced Drilling
This model can be used as a fast analysis on jobsite evaluations to determine the reservoir pressure and permeability as:
where k f is the formation permeability,  is the fluid viscosity, q bu (t) is the mud-filtrate invasion rate during the buildup period, P ibu is the initial pressure at the start of the buildup period, P(t) is the pressure changing with time, r p is the probe equivalent radius, and   is the shape factor. Because the reservoir fluid near the wellbore is dominated by the mudfiltratemud-filtrate invasion, the fluid viscosity can be assumed to be the mud-filtratemud-filtrate.
The invasion rate during the buildup period can be calculated as:
where c fl is the flowline fluid compressibility, and V fl is the flowline volume which is known a priori for each formation-tester tool. Storage is defined to be the product of flowline fluid compressibility (c fl ) and flowline volume (V fl ):
Form the early time of the final shut-in test, the mud-filtrate invasion rate can be determined as follows (see Proett et al. 1996) :
ibu dp
where is a constant; knowing the pressure during buildup period, and its derivative,  can be calculated as:
ibu t dp dt P P t .
The calculation of formation permeability is determined by:
The supercharge pressure (P sc ) is defined as the difference between sandface pressure (P ss ) and formation pressure (P f ):
in tight sand formation, there is no mudcake present; therefore, sandface pressure (P ss ) is the same as mud hydrostatic pressure (P mh ), and q m is the filtrate loss. The velocity of the fluid near the wellbore is defined as:
which is the disturbance caused by the pad element blocking the seepage of the mud around the source;  e is the element shape factor, and r e is the local geometric correction for non-spherical effects.
Combining (7) and (8), formation pressure (P f ) is obtained as:
where P sb is the final stabilized pressure at the end of the buildup test. The faster this stabilization can be achieved, the faster and more accurate the formation pressure can be determined. The automated pulse-test helps to achieve P sb faster than conventional methods. Underbalanced Drilling. The same concept can be applied to the underbalanced drilling situation. The only difference is that, ideally, there is no mud filtration in the underbalanced drilling situation; therefore, the pressure transient analysis should be applied to the pumpout (drawdown) tests combined with the supercharge model instead of shut-in tests to determine the formation permeability. The other difference is the way the automated pulse-test is performed. In the underbalanced drilling situation, the reservoir pressure near the wellbore is lower than the initial reservoir pressure; therefore, the automated pulse-test can start with an injection instead of a pumpout test to speed up the process. Figures 15 and 16 illustrate the analysis to obtain the reservoir pressure and permeability in an underbalanced drilling situation. The results indicate that this simple and fast approach to obtaining the reservoir parameters is a reasonable approach, as demonstrated in a synthetic reservoir case. However, this method should apply equally as effective for the field test data. 
Genetic Algorithm Optimization and Inversion
The developed pressure analysis method combined with the supercharge model is a good approximation for a fast estimation of reservoir properties on jobsites. Further detailed evaluation can be performed to provide additional reservoir parameters and confirm the obtained parameters with previous method. The genetic algorithm (Figure 17) which is based on evolutionary computation theory is used for optimization and feature matching of pressure data. In this approach an initial population of guesses for the set of unknown reservoir parameters will be used to reproduce the automated pulse-test measurements. An objective cost function calculates the difference between the measurements and each of the simulated tests and is based on discrepancy of individual guess. The genetic algorithm offers a new population of parameter sets with use of genetic operators such as ranking, selection, mutation and crossover to minimize the cost function. If the reproduced measurements matched features of the automated pulse-test reasonably and within a limited error bound or other stopping criteria were satisfied, the evolutionary computation can be terminated. Compared to conventional optimization methods, genetic algorithm eliminates the need for calculating the gradient, and is capable of providing multiple solutions over the selected range of whole parameter space simultaneously. The genetic algorithm is a stochastic global search method that mimics the metaphor of natural biological evolution. In the natural biological evolution, the ones who survive are the fittest to produce (hopefully) better and better approximations to a solution. This optimization method is used to find the best fit for the parameters the reservoir model. As an alternative to the previous analytical method, reservoir parameters can also be estimated through inverse processing by evolving unknown formation parameters with genetic algorithm and numerical models.
Overbalanced Drilling
As an example, the synthetic field data was used to do the feature matching and obtain the reservoir and in-situ fluid properties in tight oil formations. Table 6 and 7 show the true reservoir parameters and the inverted properties obtained from feature matching with the genetic algorithm optimization for the synthetic reservoirs of case 1 and 2 of 
Measurements Pressure Inverted Pressure [psi]
[psi] Reservoir Parameters Actual Reproduced P f [psi] 20,000 19,925
Reservoir Parameters Actual Reproduced P f [psi] 20,000 19984.3 K (D) 0.01 3.52x10 -2 Table 6 : Estimated reservoir parameters and the actual values for Figure 18 . There are 4 unknowns to be inverted for this reservoir. Figure 19 . The formation pressure and reservoir permeability are assumed unknown.
Underbalanced Drilling
In the underbalanced situation, the pressure is 500 psi less than the formation pressure. A straddle packer is used to perform the test with the properties summarized in Tables 8 and 9 . Figure 20 shows the results of inversion with the genetic algorithm to obtain the reservoir properties.
Straddle Packer, Tester Properties
Flowline fluid compressibility [psi 
Type of formation tester Volume [cc]
Straddle packer 37,000
Oval pad 250
Standard Probe 160 5 20155.4 20155.4 19558.3 19556.2 19586.4 19557.1 19859.6 19855.0 19866.4 19854.5 19717.6 19705.0 19705.2 19701.5 19779.7 19696.6 19779.6 19703.1 19778.6 19704.6
Figure 20: Inversion of simulated field test for the synthetic reservoir model of case 2. The estimated pressure is closer to the true formation pressure than the overbalanced cases. One reason is that the overbalanced pressure in previous cases was 1,000 psi above the formation pressure; the underbalanced pressure is 500 psi less than the formation pressure, which is 500 psi closer to the formation pressure.
Calibration Transfer for Fast Inversion
Calibration transfer is the basic procedure dealing with the difference between the lab measurements or simulated ones (called the first instrument) and field measurements (called the second instrument). Generally, it converts the measurements of the second instrument to the measurements of the first instrument through a transformation or standardization algorithm in order to have a common base for analysis. Applied to pulse-test data inversion, the numerical method could simulate the field experiments more closely by including considerably detailed geometric and additional boundary conditions with cost of high intensity computation that would limit its use in standard practice. This shortcoming could be overcome through a robust mapping, which compensates all borehole environmental factors and generates analytically equivalent measurements that can be processed with a faster inversion algorithm. As a substitute for the field data the results generated from a numerical simulations can be used as input of a transformation algorithm, and matched to cases generated from analytical simulations to transform the output of the model. The transformation algorithm is implemented with a neural network (NN), as shown in Figure 21 , taking pressure feature points simulated with numerical and analytical methods as NN inputs and outputs, respectively. In this application the pulse rate, pumpouts and shut-in interval are optimized with genetic algorithm, first on the selected examples, and set to the same for each transformation pair of numerical and analytical simulations. Moreover, the pulse sequence requires a fixed pattern, i.e., same number of injection and drawdown tests in order, applied to field tests. Table 10 provides a summary of synthetic reservoir parameters used for training, validating and testing the transformation algorithm. Figure 22 presents an example of improved estimation of reservoir parameters with analytical inversion. The feature pressure points are converted from numerical simulation through calibration transfer before using the analytical model. 
Neural Network Inversion
Neural network inversion was investigated as an alternative to genetic algorithm inversion with flow models. In NN inversion, simulated pulse parameters and feature pressure points are used as inputs to predict reservoir parameters directly. Figures 26 and 27 show the predictions on formation pressure, fluid mobility and reservoir porosity by using analytical simulation inputs and numerical simulation inputs respectively. The results show that the analytical simulation based input gives a more accurate prediction on outputs because of its nature of static system response. The nonlinearity of an underlying mapping function is higher with use of numerical simulation results because of the variation of dynamic factors such as supercharge and geometric grid Table 10 are used for training, validating and testing the direct inversion model. Very accurate prediction is achieved in these cases.
Figure 27: NN Prediction of initial formation pressure, fluid mobility and reservoir porosity using numerically simulated pulse-test parameters. The same examples as shown in Table 10 are used for training, validating and testing the direct inversion model. Reasonably good prediction is achieved in these cases.
Conclusions
The analysis of the automated pulse-test method shows that it is possible to obtain the initial formation pressure and mobility in very low-mobility reservoirs. In the presence of mud-filtrate invasion, the supercharge model was used to successfully yield the formation pressure. Further analysis on the pressure data using different inversion methods were performed to compare the speed of inversion method, determine if additional reservoir parameters could be determined and compare the accuracy of the results.
• Pressure transient analysis considering the supercharge effect helps to find the reservoir pressure and permeability. The analysis can be done using an early shut-in tests during the automated pulse-test method for the overbalanced drilling situations and during drawdown tests for the underbalanced drilling cases.
• Using several inversion methods the additional formation properties were determined from the pulse-testing data. For example, the estimated reservoir pressure had less than 0.5% error from the actual data.
• The extended shut-in period and the stabilization pressure can be used to determine the actual average reservoir pressure.
• The conventional testing analysis reported a large error when predicted the average reservoir pressure due to the supercharge effect.
• To reduce the CPU calculation time to analyze the data, the neural network transformation is successfully used to calibrate the numerical model with the analytical model. The same approach can be done to transform the field data into the analytical model for further analysis. • To remove the effect of noise on the feedback pressure loop in the automated pulse-test method, it is possible to use the change in the slope of the line to make the decision about the next pressure test instead of observing the two pressure end-points at the shut-in interval. 
